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Kar9 positions mitotic spindles during budding yeast cell division. Reporting in this issue of Developmental
Cell, Schweiggert et al. (2016) show that modulation of Kar9 stability mediates crosstalk between cyto-
plasmic and nuclear microtubules, using an elaborate mechanism that involves regulated nuclear transport
as well as SUMOylation and ubiquitination.Correct positioning of the mitotic spindle
is essential for segregation of chromo-
somes as cells divide, and it is particularly
critical during asymmetric cell divisions
that differentially divide cellular compo-
nents to daughter cells that will adopt
different developmental fates (Markus
et al., 2012; Stevermann and Liakopoulos,
2012). Budding yeast provide a well-
studied system in which to address this
important problem. As in many other sys-
tems, astral microtubules (aMTs), which
emanate from the spindle poles into the
cytoplasm, play a central role in orienting
spindles within the bud neck of the
dividing yeast cell through their interac-
tions with the cell cortex. aMTs in budding
yeast participate in dynein- and actin-
dependent pathways for guiding spindle
orientation. Kar9, a yeast homolog of
the mammalian adenomatous polypopsis
coli (APC) protein, participates in actin-
dependent mechanisms of spindle orien-
tation. Kar9 acts as part of an adaptor be-
tween the plus ends of aMTs and the
cortical actin cables, in a complex that
also contains Myo2, a class V myosin,
and the plus-end-tracking protein Bim1,
the budding yeast homolog ofmammalian
EB1. Together, they direct the plus ends
of aMTs to the apex of the bud cell cortex,
thereby pulling the nucleus into the bud
neck and orienting the spindle along the
mother-daughter division axis (Markus
et al., 2012).
It has previously been shown both
that SUMOylation is critical for proper
distribution of Kar9 between mother
and daughter spindle pole bodies (Leisner
et al., 2008; Meednu et al., 2008) and
that Kar9 is subject to ubiquitination
and proteasomal degradation (Kammerer360 Developmental Cell 36, February 22, 201et al., 2010). SUMOylation is the process
wherein SUMO proteins become cova-
lently linked to other cellular proteins
(Sriramachandran and Dohmen, 2014).
Budding yeast have a single SUMO family
protein, Smt3p, which becomes conju-
gated through the action of an enzy-
matic cascade including an E1 enzyme
(Uba2/Aos1), an E2 enzyme (Ubc9), and
a variety of SUMO ligases. Like ubiquiti-
nation, SUMOylation can change the
fate of target proteins, including through
alteration of their stability. Degradation
of many SUMOylation targets is mediated
by SUMO-targeted ubiquitin ligases
(STUbLs) (Sriramachandran andDohmen,
2014). Schweiggert et al. (2016) now show
that STUbLs, particularly the Slx5/Slx8
heterodimer, act at mitotic kinetochores
to ubiquitinate Kar9 for proteasomal
degradation.
STUbLs possess SUMO-interacting
motifs (SIMs) through which they re-
cognize polySUMOylated proteins and
promote their proteolysis through the
ubiquitin-proteasome pathway (Srirama-
chandran and Dohmen, 2014; Figure 1).
Naively, Kar9 seemed an excellent candi-
date for destruction by this mechanism,
given that it becomes SUMOylated (Leis-
ner et al., 2008; Meednu et al., 2008) and
that slx5D and slx8D cells show substan-
tially reduced levels of Kar9 ubiquitina-
tion. Surprisingly, however, Schweiggert
and colleagues (Schweiggert et al.,
2016) found that hypoSUMOylated Kar9
mutants can be ubiquitinated and are
not greatly stabilized in comparison to
wild-type Kar9. Indeed, they demon-
strated that Slx5/Slx8 recognizes and
modifies forms of Kar9 in vitro that are
not SUMOylated or that do not even6 ª2016 Elsevier Inc.contain the SUMO acceptor domain. At
the same time, the SIM domains of Slx5/
Slx8 remained critical for Kar9 degrada-
tion in vivo, suggesting that they must
recognize some SUMOylated species
other than Kar9 for its destruction.
A second surprise was that bimolecular
fluorescent complementation (BiFC) as-
says showed that Kar9 and Slx5/Slx8
interact within the nucleus, particularly
on mitotic spindles and kinetochores,
with their association peaking during G2
phase and early mitosis and disappearing
as cells undergo anaphase. This finding
was remarkable because earlier reports
have consistently found Kar9 only outside
of nuclei. Further analysis confirmed that
Kar9 possesses functional signal se-
quences for both nuclear import and
export. Manipulation of these signals to
increase the rate of nuclear import
enhanced Kar9 degradation rates, sug-
gesting that its destruction occurs within
nuclei. A number of kinetochore proteins
have previously been confirmed to be
SUMOylation targets, including Ndc10,
Bir1, Ndc80, and Cep3 (Montpetit et al.,
2006). The recruitment of Slx5/Slx8 to
kinetochores, as well as Kar9-Slx5/Slx8
interactions, was impaired in cells ex-
pressing hypoSUMOylated forms of both
Ndc10 and Ndc80. Moreover, the disrup-
tion of kinetochore structure in tempera-
ture-sensitive ndc10-1 or ndc80-1 cells
at their restrictive temperature weakened
BiFC signals associated with Kar9 and
Slx5/Slx8 association and decreased the
rate of Kar9 degradation.
In conjunction with the evidence
that Kar9 SUMOylation is dispensable
for its degradation, these findings lead
Schweiggert and colleagues to propose
Figure 1. Alternative STUbL Recognition Mechanism for Kar9
In the canonical mechanism for STUbL-mediated substrate degradation (upper panel), the target protein
becomes conjugated to multiple yeast SUMO polypeptides (Smt3, green circle) through the action of
SUMO-activating (sE1) enzymes, SUMO-conjugating (sE2) enzymes, and SUMO ligases (sE3). Poly-
SUMOylation is then recognized by the STUbL, which acts with ubiquitin-activating (uE1) and ubiquitin-
conjugating (uE2) enzymes to conjugate ubiquitin (Ub, purple circle) to the target. Thus, polyubiquitination
causes proteosomal target degradation. By contrast, Kar9 (lower panel) interacts with SUMOylated
kinetochore proteins (k/c), which in turn recruit STUbLs, particularly Slx5/Slx8 (lower). Remarkably, Slx5/
Slx8 does not ubiquitinate the SUMOylated kinetochore protein, but rather the associated Kar9, triggering
its proteasomal degradation. Recognition of Kar9 as a substrate requires a domain outside of the region
carrying SUMO interacting motifs (SIMs).
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to kinetochores by SUMOylated kineto-
chore proteins, so that it encounters
microtubule plus-end-associated Kar9
and causes its degradation (Schweiggert
et al., 2016). They further demonstrate
that the degradation of Kar9 could be
restored in ncd10-1 cells by inducibly tar-
geting Kar9 to nuclear pores, a major site
of Slx5/Slx8 localization, suggesting that
the recruitment of Slx5/Slx8 to kineto-
chores enhances Kar9 degradation pri-
marily by increasing the local concentra-
tion of the STUbL to its substrate. These
findings open remarkable new possibil-
ities for the activities of STUbLs, because
they imply that STUbLs may not be
restricted in their substrate preference
to polySUMOylated species, but rather
may act on targets in close proximity
to SUMOylated proteins. It will be of
considerable interest in the future to
define how STUbL substrate recognitionoccurs under these circumstances. Con-
versely, it will be important to understand
how SUMOylated kinetochore proteins
escape ubiquitination and degradation
after STUbL binding.
Finally, Schweiggert and colleagues
(Schweiggert et al., 2016) show that
Kar9 overexpression caused re-distribu-
tion of Bim1 from nuclear to cytoplasmic
microtubules and mis-segregation of
chromosomes, leading them to postulate
that the elaborate regulation of Kar9
abundance helps to partition other
microtubule-binding proteins between
the cytoplasm and nucleus. It is not
obvious why such a complex mechanism
is required to control Kar9, although the
many steps in this pathway (nuclear trans-
port, SUMOylation, and ubiquitination)
may offer the possibility of fine-tuning
Kar9 degradation in response to physio-
logical signals. In the future, it will be
interesting to understand those signals.Developmental Cell 36,It is notable in this context that com-
ponents of the septin ring are also
controlled through a nuclear transport-
and SUMOylation-dependent mechanism
(Makhnevych et al., 2007). Because Kar9
ubiquitination depends on the integrity of
the septin ring (Kammerer et al., 2010),
septins may also be linked into this intri-
cate system of crosstalk between cyto-
plasmic and nuclear events during
mitosis.
Taken together, these findings demon-
strate an elaborate regulatory mechanism
with important consequences for cell
division. Clearly, much remains to be
learned in yeast with regard to how
events are coordinated as cells divide,
and it will be fascinating to understand
how similar events are coordinated
for homologs of these proteins in other
organisms.ACKNOWLEDGMENTS
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